In this paper an isotope-incorporated regional model is developed and utilized for simulations of an atmospheric river event that occurred in March 2005. A set of sensitivity experiments and comparisons with observations confirm that the kinetic isotopic exchange between falling droplets and ambient water vapor below the cloud base was mostly responsible for the initial enrichment and subsequent rapid drop of the deuterium abundance in precipitation observed during the event even under humid conditions. According to the budget analysis the increase in isotopic composition during the latter half of the event was primarily due to horizontal advection. The contribution of condensation from different atmospheric heights to the ground precipitation was not reflected in the precipitation isotopes.
Introduction
[2] The composition of stable water isotopes in precipitation and tropospheric water vapor is basically controlled by water's phase changes, so that the atmospheric processes associated with the water's phase changes may be deduced from the isotopic signals. For this reason, water isotopes are regarded as useful natural tracers of atmospheric hydrologic processes. To understand the spatiotemporal distribution mechanism of the isotopes in precipitation and water vapor, various types of direct measurements have been made all over the world [Dansgaard, 1964; Rozanski et al., 1993; Clark and Fritz, 1997] . In addition, the recent spectroscopy technique makes instant measurement of the isotopic composition of water vapor possible using ground-based instruments [Schneider et al., 2010] and satellite-onboard remote sensors [Frankenberg et al., 2009] . However, measurements of isotopes with high temporal resolution have been limited, primarily owing to lack of resources, and such data are indeed precious.
[3] Recently, Coplen et al. [2008] (hereafter C08) have reported a series of precipitation isotopic composition data in 30-min resolution associated with an "atmospheric river" (AR) event. An AR is characterized by a narrow band of strong horizontal water vapor fluxes concentrated in the lower troposphere immediately ahead of polar cold fronts [Ralph et al., 2004] . The mechanism of an AR is particularly important since the precipitation affected by it contributes significantly to annual precipitation over the western United States. The data showed a remarkable variation of isotopes; that is, rain that was enriched in deuterium in the beginning of the event underwent a sudden drop of deuterium abundance within an hour and became enriched again within a single sequential rain event that lasted for 12 h. The study concluded that the isotopic variation reflected the precipitation temperature, so that the signal can be attributed to the height of the precipitation generation: The deuteriumenriched rain in the very beginning was generated by a shallow and warm cloud, and the sharp drop in dD was associated with a transition from shallow to deep cloud when a synoptic-scale ascent occurred. Deuterium and 18 O abundances in water vapor decrease when adiabatic condensation associated with an uplifting of air mass occurs. This process is known as Rayleigh distillation for isotopic fractionation.
[4] Although this interpretation is straightforward, the mechanism is perhaps too simple and it digresses from rather classical points of view such as those of Ehhalt et al. [1963] . For example, even when the cloud is deep and generates condensate at a high and cold altitude, some contribution from deuterium-enriched water vapor in the lower part of the cloud should still remain. Moreover, some reports point out the possible isotopic exchange between falling raindrops and surrounding vapor below the cloud base [Friedman et al., 1962; Miyake et al., 1968; Stewart, 1975; Gedzelman and Arnold, 1994] , which may increase the isotope ratio.
[5] In this study we try to numerically simulate the isotopic and meteorological variations and investigate the mechanism of the isotopic variation. An isotope-incorporated atmospheric general circulation model [e.g., is generally suitable for this type of problem, but since the target variations are within 12 h with 30 min resolution, the global model resolution (i.e., more than 100 km; typically 200 km) is too coarse. Therefore, we incorporated the isotopes into a regional model and ran it with a sufficiently high resolution to simulate the meteorology and the isotopic variation.
[6] For a good simulation of stable water isotopes in precipitation, initial conditions and lateral boundary conditions are as important as they are in short-range weather prediction [Yoshimura et al., 2003 [Yoshimura et al., , 2004 Sturm et al., 2005] . Until recently there was no good four-dimensional isotope data set suitable for real-data simulation. The recently completed 30 year reanalysis-"nudged" isotopeincorporated AGCM simulation by was found to be very useful for this type of study. Several direct comparisons between the data set and isotope measurements revealed that the data set is accurate enough to serve as an alternative to water isotope assimilation analysis [Abe et al., 2008; Uemura et al., 2008; Schneider et al., 2010] . We used this data set as a boundary condition and initial state of the newly developed isotopic regional model.
[7] The following section describes the target AR event and the new isotopic regional model. The simulation design including the lateral boundary condition and specification of the spectral nudging technique is also noted. In section 3 the simulation results are presented and the main processes that drive the isotopic variation of the AR event are investigated. Section 4 contains the summary and conclusions.
Data and Method

Observations
[8] Isotopic and meteorological observation data were taken from C08. The meteorological observatories are located at Bodega Bay (BBY; 38.34°N, 123.06°W) and Cazadero (CZD; 38.61°N, 123.22°W), and the 30 min interval precipitation samples were taken at CZD. In the very beginning of the rain event, the dD of precipitation was about −25%, but it suddenly decreased to about −80% within an hour. It kept this low dD value for about 4 h and then increased to −20% within 3 h. After this the composition very gradually decreased down to −30% over the next 3 h until the rain event ended. We note that the Next Generation Weather Radar (NEXRAD) National Mosaic Reflectivity Images (available at http://www4.ncdc.noaa. gov/cgi-win/wwcgi.dll?WWNEXRAD∼IMAGES2) are also used for verification of the model-simulated precipitation distribution.
Isotopic Regional Spectral Model (IsoRSM)
[9] The isotopic species for water vapor (HDO and H 2 18 O) have been added as tracers in the latest version of the Scripps Experimental Climate Prediction Center's regional spectral model (RSM; Kanamitsu et al. [2005] ). The major nonisotopic physical processes include convective parameterization (the relaxed Arakawa-Schubert scheme [Moorthi and Suarez, 1992] ), land surface (Noah land surface model [Ek et al., 2003] ), radiation (Chou scheme [Chou and Suarez, 1994] ), and a planetary boundary scheme (Hong and Pan, 1996] ). Thanks to extensive efforts by the previous developers, the RSM is regarded as a major regional climate model and it has been used in many multimodel intercomparison studies [e.g., Miller et al., 2009] .
[10] The isotopic processes are identical to those in the isotopic global spectral model (IsoGSM ). These processes are based on the thermodynamic equilibrium fractionation among vapor, liquid, and ice based on Majoube [1971a Majoube [ , 1971b for most of the phase transition and on kinetic fractionation for surface evaporation from open water [Merlivat and Jouzel, 1979] , for condensation from vapor to ice under supersaturation conditions at temperatures lower than −20°C [Jouzel and Merlivat, 1984] , and for evaporation and isotopic exchange from liquid raindrop into unsaturated air [Stewart, 1975] .
[11] The kinetic isotopic exchange associated with droplets' evaporation is formulated by Stewart [1975] and implemented into the IsoRSM with forms of equations (1). It is noted that these equations are principally the same as those in Appendix A3 of Bony et al. [2008] .
where m is the rain droplet volume; R r and R v are the isotopic ratios of rain droplets and ambient vapor; the subscript 0 indicates original values before the isotopic effect; a e is the equilibrium isotope fractionation factor; D′ and D are the molecular diffusivities of isotopic vapor and ordinary vapor [Merlivat, 1978] ; n is a degree of freedom, which is assumed to be 0.58 [Gat, 2000] , and h eff is the effective relative humidity [Hoffman et al., 1998 ], which assumes more humid conditions inside a cloud compared to a grid average humidity (h) with a factor of 1.4 and a maximum value of 100% (h eff = max(1.4 × h; 100%)); q′ and m′ denote the vapor volume and rain droplet volume of the isotopic species; and " is the fraction of droplets reaching the isotopic equilibrium state. It is assumed that " = 45% for convective clouds and " = 95% for large-scale condensation, which captures the behavior that smaller drops equilibrate more rapidly [Hoffmann et al., 1998 ]. These fixed fractions of the equilibrium state can be misleading since the residence time of droplets in a single model layer should vary dependent on the model layer's thickness and droplet size distributions, which are dependent on rainfall rate, temperature, and humidity [Lee and Fung, 2008] . Therefore, we test a set of sensitivity experiments with different values of the equilibrium fraction as described in section 2.4.
[12] When the effective relative humidity (h eff ) is nearly 100%, the value of R r is approximated from equation (1) as follows:
This indicates that the isotopic composition of the droplets becomes a linearly interpolated value between the equilib-rium fractionation state (a e R v0 ) and the nonfractionated state (R r0 ), dependent on ".
[13] The RSM uses a spectral nudging technique to reduce large-scale bias in the dynamic field from the forcing fields in the regional model integration. The IsoRSM also adopts the improved spectral nudging proposed by Yoshimura and Kanamitsu [2009] and Kanamitsu et al. [2010] , namely, (a) only the rotational part of the wind is used with slightly stronger nudging, (b) the area-averaged humidity is not corrected at all, and (c) the boundary zones are narrowed from 23% to 5% of the sides of the domain. It should be noted that isotopes and water vapor fields are not spectrally nudged or corrected, but forced by thinner lateral boundary zones, compared to other conventional lateral boundary nudging schemes [see Yoshimura and Kanamitsu, 2009] .
[14] It is worthwhile to state that only two regional climate models with stable water isotopes exist. The first, REMOiso, was developed by Sturm et al. [2005] from the European Centre Hamburg Model's Regional Model (REMO), and the second is the one in this study. Whereas studies with the REMO-iso have focused on regional climatology with long-term integration of the simulations [e.g., Sturm et al., 2007] , this study targets a case of very short-term synopticscale changes of the isotopic fields. This is indeed the first challenge, thanks to advancements in numerical techniques and resources (e.g., parallelized computing) and to better realization of synoptic features with spectral nudging and other previous physical and dynamical developments. In this study the isotopic parameterizations are tested for their applicability at such small scales.
Global Nudged Isotope Simulation Data
[15] Because of insufficient observational coverage of water isotopes, it has been difficult to perform a case study of regional simulation of water isotopes. However, recent work by has made it possible to produce reasonably accurate synoptic-scale isotopic fields suitable for case study. They produced the large-scale analysis by using the global downscaling technique described by applied to a global atmospheric model with a water isotope process (data available at http:// meteora.ucsd.edu/∼kyoshimura/IsoGSM1). In this method the large-scale forcing was taken from National Centers for Environmental Prediction/Department of Energy (NCEP/ DOE) Reanalysis 2 [Kanamitsu et al., 2002] , and water isotopes were fully predicted, including their sources and sinks, without utilizing any water isotope observations. Several validation studies of this analysis against limited observations showed that the analysis is sufficiently accurate for various process studies. We utilize this global analysis as the initial and lateral boundary conditions for this study.
Design of the Experiments
[16] An AR event that occurred on 21-22 March 2005 in northern California is selected for this study. Figure 1 shows the total precipitable water (TPW) from the global analysis for the isotopes. Because of the use of a global nudging method, this analysis is very similar to Reanalysis 2. A narrow band of precipitable water resembling a river-like feature, reaching from the tropical Pacific Ocean toward the western North American continent, is apparent. The target domain and resolution are 112°W-128°W, 25°N-48°N, and 10 km/28 s levels, which match the California 50-Year Reanalysis Downscaling project of Kanamitsu and Kanamaru [2007] . The RSM has shown good performance over the western North American domain with 10 km resolution in previous studies. Therefore this study uses the identical domain and resolution. The U.S. Geological Survey's GTOPO30 (http://edc.usgs.gov/products/ elevation/gtopo30/gtopo30.html) and land mask data sets are used to make the 10-km resolution topography (see Figure 1) . A set of 10 day integrations from 0000 UTC, 15 March 2005, was performed. The time step for the model integration is 20 s. As already stated, the lateral boundary and initial conditions are taken from the global nudged isotope simulation, IsoGSM, and the surface boundary conditions, sea surface temperature and sea ice distribution, are the same as those used in NCEP/ DOE Reanalysis 2. Simulation output is generated at hourly intervals and interpolated into 25 pressure levels in the vertical, that is, 1000, 975, 950, 925, 900, 875, 850, 825, 800, 775, 750, 725, 700, 650, 600, 550, 500, 450, 400, 350, 300, 250, 200, 150 , and 100 hPa. All analyses in this paper are performed using these outputs unless noted otherwise.
[17] The set of experiments consists of the following. (1) CTL: A control run with all full isotopic processes.
(2) E30: Same as CTL, but with a different equilibrium fraction for the large-scale condensation process; that is, 30% of droplets reach the equilibrium state instead of 95%. (3) NOF: Same as CTL, but no droplets (0%) reach equilibrium, so that no fractionation or isotopic exchanges occur during evaporation from droplets. (4) RAY: Instead of using Stewart's formulation, a simpler Rayleigh distillation for- mulation is used for evaporation fractionation only. The equilibrium fraction parameter is the same as for the CTL, 95%.
[18] It should be noted that since heavy isotopes in water molecules do not interact with any model physical processes, changes in the isotopic processes do not affect the time evolution of other meteorological variables. These experiments simply aim at investigating how the isotopic composition over time is affected by the assumptions made during the phase change process under a fixed meteorological condition. As already noted, the initial and boundary conditions of the meteorological and isotopic fields are identical in all the experiments.
Results
Simulation of the Atmospheric River Event
[19] First, the IsoRSM's ability to successfully simulate the western U.S. winter storm is examined. Figure 2 shows sequential snapshots of rainfall simulated by the model during the period, accompanied by Next Generation Weather Radar (NEXRAD) radar images. The eastward movement of the rainfall area and the most intense rainfall that occurred at 0600 UTC on 22 March over the northern Sierra Mountains (Figures 2c and 2g) are captured well by the model. However, there is a slight delay, about an hour, in the model's eastward propagation of the rain area, and there is an overall overestimation of the rainfall amount, particularly over higher mountainous regions, although the observation is very uncertain over the complex topography.
[20] In Figure 3a the time series of the wind fields and humidity at BBY are shown in a form comparable to Figure 2a in C08. There was a strong southerly low-level jet (LLJ) at the height of about 1 km mean sea level (MSL) from 0300 to 0800 UTC on 22 March, corresponding with the passage of a warm front followed by a cold front shown in Figure 2a . The LLJ is well reproduced in the simulation, but the wind speed is slightly weaker (the observed maxima are 28 m/s, whereas the simulated maxima are 24 m/s). In Figure 3b temporal variations of total precipitable water (TPW) and upslope wind component (directed from 230°) are plotted. The simulated TPW has some systematic overestimation, but the time variations are well reproduced (see Figure 2b in C08). The upslope wind speed is also nicely simulated, but the large increase from about 0000 to 0700 UTC is slightly less in the simulation, as expected from the weaker LLJ in Figure 3a .
Isotopic Simulations
[21] Figure 4 shows simulated and observed amounts of precipitation and deuterium composition (dD) at CZD. In accordance with the definition in C08, we also divide the rain event into five periods, namely, 2100 to 2300 UTC on 21 March (I), 2340 UTC on 21 March to 1000 UTC on 22 March (II), and 1000 to 2300 UTC (III), 2300 to 0630 UTC (IV), and 0730 to 1000 UTC on 22 March (V). These periods correspond to the distinctive changes in isotopic composition in the model, namely, the beginning enrichment phase (I), sudden-drop phase (II), depletion phase (III), increase phase (IV), and ending enrichment phase (V), respectively. Although the period definition is taken from C08, it follows the simulated dD variation, so there are some differences from the C08 periods, mainly due to the blunter drop in dD in the beginning. Period I lasts a little longer, period II starts a little later and lasts longer, and period III remains shorter. Periods IV and V correspond well to C08, and period VI is excluded from this study because it is after the passage of the cold front associated with the AR system.
[22] First, it is notable that the precipitation duration and variation were reasonably reproduced by the control simulation. The precipitation intensity stays low during periods I-III, suddenly increases during period IV, and drops in period V. Again, all of the sensitivity experiments in this study are designed to influence only the isotopic variables, so that all the experiments have the same precipitation variations. There is a somewhat significant overestimation in the amount of precipitation, as shown in Figure 2 . This discrepancy may have a large impact on the isotopic simulation, so two additional experiments were performed: one with a different spectral nudging technique and another with a different initial condition. According to the results the precipitation amount is consistently overestimated, with small differences between the CTL and these two additional experiments (figures not shown). It is worthwhile to mention that the discrepancy may be due partly to the representativeness of the precipitation observation.
[23] Figure 4b shows the observed time series of the isotopic composition in precipitation and those of the simulations. Among the sensitivity experiments the CTL performed the best, reproducing both the rapid drop (periods I-III) and the slight, gradual rise (periods IV and V) in the 12 h rain period. There seems to be a 1 h delay in the CTL dD variation compared to the observation. The reason for the delay is under investigation but presently there is no clear explanation. Furthermore, the control experiment underestimates the minima of dD in period III and keeps the underestimation for periods IV and V. This may be related to the precipitation overestimation throughout the event, but there may be other possible causes. For example, the dD value of the moisture from the lateral boundary might be too low, or the moisture supply from the surface could be too depleted of heavy isotopes. Since fixing these problems is beyond the scope of this paper, we leave the investigation into the possible causes of the dD underestimation and precipitation overestimation to further studies.
[24] All the other experiments degraded the dD variations in precipitation from the CTL. Interestingly, all the experiments show similar isotopic variations from 0300 UTC on 22 March 2008, when the non-bright-band precipitation (period IV) started to occur in reality (see Figure 3a in C08), and consequently, the precipitation intensity began to increase in both the simulation and reality (Figure 4a ), but at the beginning of the event (periods I-III) there are large variances in the simulated precipitation isotopes. E30 shows the most similar isotopic variations to CTL but does not show a huge drop at the beginning of the event. Neither NOF nor RAY showed the enrichment at the beginning of the precipitation. Overall, CTL shows the best skill in reproducing observed variations in dD.
[25] It is also worthwhile to mention that the difference between CTL and E30 is less apparent than the difference between E30 and NOF. This indicates a lower sensitivity of the equilibrium fraction factor " when the fraction is larger, in other words, when the impact of the kinetic isotopic exchange is more strongly taken into account. As Lee and Fung [2008] estimated from theoretical equations, the real fraction of equilibrium varies by meteorological condition, layer thickness, falling droplet size, and model time step, and " = 95% for large-scale condensation tends to be an overestimation. Our experiments suggest that consideration of the kinetic isotopic exchange is primarily important to simulate the variation of dD in precipitation, but the equilibrium fraction factor above 30% is not that sensitive in this case.
Condensation at Different Levels and Its Contribution to Rainfall
[26] In this section C08's conclusion is reexamined using the model simulation data. Figure 5 displays the modeled contribution of condensation at different levels during the five periods: the beginning enrichment phase (I), suddendrop phase (II), depletion phase (III), increase phase (IV), and ending enrichment phase (V). The amounts of condensation and evaporation at all 28 s levels were recorded every 20 s, and the total contributions to ground precipitation at each level were calculated. For easier viewing the contributions from similar levels were summed, and only seven vertical categories are shown in Figure 5 .
[27] Figure 5 clearly illustrates temporal changes of level where condensation took place. In period I the lowermost level that positively contributed (condensation in total) to the precipitation at the surface is around 800 hPa (2 km MSL). Layers below this level were diagnosed as below the cloud base, and a total of 17% of precipitation evaporated from falling droplets in these layers. Above the cloud base the contributions are 50% each from 800 to 700 hPa and from 700 to 500 hPa, and a total of about 17% of the precipitation came from the layers above 500 hPa. Note that all of the condensation from levels above about 800 hPa was made in ice form. In period II the cloud base descended to 880 hPa (1.3 km MSL), and consequently, a greater contribution (11%) from the bottom part of the cloud (880 to 800 hPa levels) and less evaporation (3%) occurred below the cloud base (surface to 880 hPa) (figure not shown). In period III, the depletion phase of precipitation isotopic composition, the cloud base dropped further, to 940 hPa level (0.5 km MSL). The contribution from the bottom part of the cloud (i.e., 940 to 800 hPa levels) increased to more than 22%, and almost no evaporation occurred below the cloud base because the lower layers were already near saturation owing to the evaporation in the previous phases and because there was an additional supply of water vapor from the AR. Corresponding to the increased contribution from the bottom of the cloud, the contribution from the midtroposphere (800 to 500 hPa levels) decreased to about 67% in total.
[28] In period IV, the enrichment phase, the contribution from the lower troposphere (surface to 800 hPa levels) increased to nearly 35%, and those from the midtroposphere (800 to 500 hPa) and upper troposphere (500 hPa and upper) decreased to about 61% and 4%, respectively. Particularly, the contribution from heights above 700 hPa decreased to 30%, owing to the descent of the cloud top. This is also noticeable from the observation of the vertical Doppler radar shown in the background of Figure 5 . During period V, the end of the rain event and enrichment phase, almost all the precipitation was a result of condensation below the 800 hPa level. In this phase the precipitation type changed to convection for the first time during the whole rain event. The amount of precipitation from large-scale condensation was much less compared to that in other periods.
[29] An additional period, 1600 to 1900 UTC, on 21 March is shown in Figure 5 for the time just before the precipitation event, since the Doppler radar observation showed a remarkable descent of the precipitation area during this period. Note that the contribution percentages for this period are calculated relative to the precipitation rate at the 550 hPa level due to zero precipitation at the surface, and the condensation amounts are very small compared to those in the other periods.
[30] In the pre-precipitation period (1600-1900 UTC), almost all condensation occurred above 5 km, and the condensation evaporated completely away in the lower parts. During periods I-III, rainfall was simulated at all levels up to 8 km. In periods IV and V there was almost no rainfall higher than 6 and 2 km, respectively. All of the simulated precipitation corresponded reasonably well with the Doppler radar observations. Although less noticeable in Figure 5 , a close inspection of the original data for Figure 5 indicates a strong tendency for the proportions of precipitation to derive from condensation in and below the "bright band" (red horizontal band in the background image of Figure 5 ) in the radar returns, where frozen micrometeors melted and merged into liquid droplets, to increase as the bright band and the microphysical processes therein strengthened. Thus, although the comparisons are necessarily qualitative, these matches support the credibility of the simulation quality with respect to the profiles of condensation and evaporation affecting isotopic compositions. These simulated condensation-evaporation profiles were not modified in the sensitivity experiments, the results of which are described in the following section.
[31] From the model simulation the rapid change in the level of condensation from the lower warm part at the very beginning (period I) to the higher cold part in the middle of the event (period III), as hypothesized in C08, did not seem to occur. In fact, the contribution from the lower part increased significantly during the earlier phase. The biggest Figure 5 . Contribution of condensation and evaporation relative to surface precipitation (percentages) and averaged precipitation rate (relative size of shaded circles) in the simulation for the periods indicated by horizontal gray bars I-V on the top axis. Numbers in the leftmost column (followed by asterisks) are relative to the precipitation rate at the 550 hPa level. The background image is Figure 3a of C08, the vertical Doppler radar reflectivity factor, but with the opposite time direction. MSL, mean sea level.
difference with regard to the isotope variation between period I and period III is the existence of below-cloud evaporation in period I. By incorporating the kinetic isotopic exchange during below-cloud evaporation from droplets in the CTL experiment (see Figure 4b) , the isotopic enrichment at the beginning of the event and the subsequent sudden depletion were well simulated. All the other experiments that excluded or lowered this effect failed to reproduce the rapid drop in dD, as discussed in the following subsection.
[32] Furthermore, Figure 6 displays temporal variations of temperature profiles. The conclusion from C08 suggested that the high-dD precipitation during periods I and V was the result of warm-temperature condensation near the surface (about 10°C) and the low-dD precipitation during period III was a result of cold-temperature condensation near the bright band (below 0°C). From the temperature profiles ( Figure 6 ) and the condensation-evaporation profiles ( Figure 5) , it is very difficult to confirm that the warm surface vapor contributed to the precipitation during period I. Indeed, we averaged the air temperature with a weight of the condensation contribution amount as an indicator of averaged condensation temperature, and the results were −12°, −5°, and 12°C for periods I, III, and V, respectively, which clearly reflects that the average height of contribution only descended during the precipitation events.
[33] Also in Figure 6 , weighted average dD values of condensate for periods I-V at representative heights are shown. From these values it is apparent that the dD of condensate at very high altitudes (e.g., 8 km level) keeps increasing, whereas at the surface it first decreases, then increases. This increasing tendency remains down to the 3 km level, with a smaller magnitude, but the tendency is suddenly disturbed below the 2 km level. More precisely, a large degree of enrichment in deuterium (+105‰ in dD) occurs from the 2 km level to the surface during period I, and this enrichment lessens in the later periods (+63% for period II and +18% for period III). It is interesting to note that the condensates at the 2 km level for periods I-III coincidentally have similar isotopic compositions (−117%, −128%, and −117%, respectively), but owing to the nearsurface processes, particularly droplet evaporation and kinetic isotopic exchange, the quite remarkable isotopic variation in precipitation appears. It can therefore be argued that there is no temperature effect (no signal of temperature-dependent fractionation) in surface precipitation isotopic composition within a single synoptic-scale event. Even though the temperature effect exists at the upper levels, it is overridden by the stronger isotopic processes near the surface. The temperature effect in precipitation emerges over longer time averages, partly as a result of background temperature differences between synoptic-scale events.
Isotopic Impact of Below-Cloud Evaporation
[34] Now we would like to return to Figure 4b and investigate why the kinetic isotopic exchange influences the isotopic variations of precipitation significantly at the beginning of the event, that is, the reason for the high dD value in period I. As already noted, the CTL experiment best reproduced the observed isotopic variation. The experiments with no (NOF) and less (E30) kinetic isotopic exchange between the falling droplets and the ambient humid air failed to simulate a high dD value during the first phase. Having a simple Rayleigh-type isotopic fractionation for evaporation also did not produce the correct enrichment.
[35] Figure 7a shows water vapor isotopic compositions at a low level (925 hPa) in these experiments. In the CTL the vapor dD suddenly dropped at about 2300 UTC on 21 March, similarly to the precipitation isotopes. The degree of the drop was less in E30, and there was almost Figure 6 . Temporal variation of air temperature vertical profiles (dashed contours) at CZD and mean dD of condensate (i.e., rain or ice droplets) during the five periods, indicated by horizontal gray bars on top axis (numbers beside shaded circles). Droplets (shaded circles) are the same as those in Figure 5 . no drop in NOF and RAY. In NOF the iced condensation kept its isotopic composition when it fell below the cloud base. Therefore the precipitation at the surface had a more negative dD value. The nonfractionation evaporation from the falling droplets was not isotopically influential on the below-cloud water vapor.
[36] In the CTL the precipitation was more enriched in deuterium at the surface, owing to the kinetic isotopic exchange and the raindrop evaporation. The isotopic exchange made the relationship between the isotopic compositions of the droplets and the ambient, very humid air nearly reach the equilibrium state, as already introduced in Figure 7 . Time series of (a) the isotopic composition (dD) of vapor at the 925 hPa level and of (b) vertical profiles of relative humidity (shading), (b) melting level (bold solid line), and (b, c) isotopic composition (dD) of vapor (dashed contours) at CZD. The four sensitivity experiments are included in Figure 7a , but only the results from (control) CTL and NOF are shown in Figures 7b and 7c , respectively. equation (2). Thus the isotopic composition in the ambient vapor, R v , is introduced as follows:
where f = m/m 0 , that is, the remaining ratio of the droplets after evaporation. Therefore, the tendency of the vapor isotope composition depends on the relative relationship between R r0 and R v0 , such as
Equation (5) describes that when falling droplets from the upper level have a lower isotopic composition than a threshold value,
1Àf þ"f R v0 , the vapor isotopic composition decreases. Since the isotopic composition of vapor is usually lower at higher altitudes, the falling droplet tends to have a lower isotopic composition than the threshold.
[37] The degree of the decrease in the vapor isotopic composition depends on the remaining ratio of droplets f, the rate of reaching the equilibrium state ", and the existing ratio of droplets in vapor m 0 /q, when R v0 and R r0 are fixed as shown in equation (4). Note that f is negatively correlated with the evaporation rate from droplets and m 0 /q is almost equivalent to the precipitation rate. Isotopic depletion of water vapor is maximum when f = 1 (no change in raindrop mass) and " = 1 (perfect equilibrium), and it is proportional to m 0 /q (correlated with precipitation rate). The last relationship is partly responsible for the "amount effect," which is a negative correlation between precipitation amount and precipitation isotope ratio. As Lee and Fung [2008] summarized, the amount effect is a cumulative consequence of multiple processes. The process given here describes a rather short-term (within a single event) relationship between isotopes and precipitation amount.
[38] Figure 7b indicates that the relative humidity (shaded) near the surface was less than 90% during period I, so that droplet evaporation is expected to be greater ( Figure 5 ), and consequently, the precipitation rate should be low (Figure 4b ). In this case the depletion of heavy isotopes in water vapor was not significant, as described in the previous paragraph (both f and m 0 /q are small). However, in period II the air humidity reached almost 100%, owing to the strong advection of humid air associated with the AR toward the location, as well as to the droplet evaporation during the previous phase. Then the evaporation rate became almost 0 (so that f approached 1) and the precipitation rate became higher (so that m 0 /q became larger). In this case, the isotope ratio of vapor below 800 hPa started to decrease. The depletion continued until R r0 approached a e R v0 , where the falling droplets were already in the isotopic equilibrium state with the ambient vapor, implying that there was little vertical gradient in the vapor isotopic profile.
[39] Figure 7b also shows the temporal variations of the vertical profiles of the water vapor dD. The water vapor dD at levels lower than 850 hPa (where liquid condensate existed) decreased rapidly from about 2300 UTC on 21 March, until there was almost no vertical gradient in dD (period II). There was no additional decrease while there was little vertical gradient during 0100 to 0230 UTC on 22 March (period III). An increase occurred during period IV, possibly for a different reason, as described in the next section.
[40] In Figure 7c the vertical profiles of vapor dD in NOF are shown as a contrast to those in CTL (Figure 7b ). It can clearly be seen that the kinetic isotopic exchange associated with droplet evaporation generates large isotopic variations in vapor at levels below 700 hPa. Without consideration of this impact, the isotopic vertical profile becomes more stable even when there is heavy AR rainfall during all five periods, particularly in the early stages (periods I-III).
Decomposition of the Contributors of the Isotopic Variations
[41] Figure 8 shows the accumulated contribution of model physical and dynamical processes on vapor dD for the five periods illustrated in Figures 4 and 5 , at three heights. The calculation was done based on the output at every time step. The model's physical processes ("physics" hereafter) are so-called "physical parameterizations," which include large-scale condensation, convective precipitation, planetary boundary layer mixing, and so on. The model's dynamical processes ("dynamics" hereafter) are strictly driven by the Eulerian equations of motion of a fluid.
[42] At s = 0.965 (Figure 8a ; at about the 940 hPa level), the largest contributor to the sudden drop in vapor dD during period II was the physical process, particularly kinetic isotopic exchange during the large-scale condensation. In contrast, the largest contributor to the increase in vapor dD during period IV was the dynamical process, that is, horizontal inflow of the deuterium-enriched water vapor from the upstream. The physical processes, namely, convection and large-scale condensation, contributed to the drop in vapor dD, but the dynamical advection was large enough to override the contribution of the physics during period IV.
[43] The situation was almost the same at the fifth level (Figure 8b ; at about the 890 hPa level), but the negative contribution (making the vapor dD values more negative) of the physics and positive contribution (making the vapor dD values less negative) of the dynamics during period IV were both larger than those at lower levels. There were smaller isotopic changes at the seventh level (Figure 8c; around the 820 hPa level). The contributions owing to the physics and dynamics compensated each other and the isotopic compositions did not vary as much at this level. The main implication of the analysis here is that the rapid drop of the dD in water vapor at low levels was due to isotopic exchange and the increase in later phases was due to horizontal advection.
Summary and Conclusions
[44] In this paper a time series of isotopic composition in precipitation sampled at 30 minute intervals by C08 was revisited to study short-time-scale changes in isotopic composition. The precipitation event was associated with an AR event during 20 to 22 March 2005. Various other useful meteorological measurements took place over the Bay Area, California. We developed a regional version of the isotopeincorporated AGCM, the IsoRSM, to simulate the meteorological and isotopic variations of this event.
[45] A set of experiments with the IsoRSM was conducted for this event. The experiments utilized a Reanalysis-"nudged" isotope-incorporated AGCM simulation data set, also known as IsoGSM data , as the lateral boundary condition and initial states. The control simulation simulated well the meteorological fields during the event in terms of precipitation, wind, and temperature. According to the model results, most precipitation was of the nonconvective type and was generated from the middle to upper levels in the troposphere at the very beginning of the rain event, but it gradually lowered as time passed. This contradicted what C08 inferred from the isotopic data. C08 argued that the contribution occurred at low levels at the beginning of the event but gradually moved upward as time passed.
[46] A set of sensitivity experiments revealed that the kinetic isotopic exchange between falling droplets and ambient vapor was mainly responsible for the initial enrichment and following rapid drop of the dD in precipitation. This impact has been rather well known since the study by Miyake et al. [1968] , but it was not taken into account in C08 because the classic study instead focused on an arid condition. However, under humid conditions too, the isotopic exchange associated with evaporation from falling droplets occurred below the cloud base and enriched the isotopic composition of precipitation. When the relative humidity reached almost 100% below the cloud base and the condensation rate also increased (corresponding to period II), the water vapor dD below the cloud base began to decrease. Consequently, the dD of lower tropospheric water vapor (below 800 hPa) dropped until there was little vertical gradient in the isotopic composition of the water vapor in the lower troposphere (800 hPa to surface) during period III. This is why the dD of precipitation at the surface also decreased rapidly. Afterward a sufficient amount of fresh moisture was supplied by dynamical advection in the lower troposphere, and the water vapor gradually became enriched in heavy isotopes despite the opposite contribution from the precipitation process. After passing the precipitation peak the cloud top began descending with a little precipitation, and both vapor and precipitation kept their isotopic enrichment high dD values until the end of the rain event. Thus, the observed variations in precipitation isotopes were well simulated by the IsoRSM.
[47] The results of this study are strongly dependent on the accuracy of the regional model. Although the mechanism of isotope variation in the model seems to be very reasonable and realistic, many uncertainties remain. The most crucial is the evaporation of precipitation in the model, which is formulated in a very simple manner, without taking detailed cloud physical processes into account. We would like to note that there is some supporting evidence of the occurrence of evaporation from observations. Figure 3a in C08 indicates that the precipitation echo existed only at upper levels in the preprecipitation stage, together with less than 100% relative humidity at lower levels, which strongly suggests that the evaporation most likely occurred at low levels in the beginning phase of the precipitation event, as shown in Figure 5 .
[48] Owing to the limited observations and model imperfections, it is very difficult to conclude which mechanisms dominate in the real atmosphere. It is therefore important to verify the model with other high-frequency observation data. There are several observation studies in which some degree of isotopic enrichment was observed at the beginning of a single rain event [e.g., Miyake et al., 1968; Gedzelman et al., 2003; Fudeyasu et al., 2008] . Moreover, recent technical developments have enabled us to measure vapor isotopes continuously with a high frequency [e.g., Lee et al., 2006] . These surface vapor measurements are just as important as high-frequency precipitation isotope data to further verify the model and understand the re-evaporation mechanism. In addition to more verification with observations, it is important to improve the model. One obvious flaw in our model is that condensed water falls to ground immediately. In reality, while condensed water remains in the air in the form of cloud water or ice, it advects and eventually falls to the ground or evaporates away. We still do not know the significance of predicting cloud water, ice particles, and their isotopes separately from vapor, but it may not be negligible and may be worth further study.
